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Abstract
Human neutrophils express two different types of phagocytic receptors, complement receptors (CR) and Fc receptors. In
order to characterize the different signaling properties of each receptor we have used non-adherent human neutrophils and
investigated CR3, FcQRIIA and FcQRIIIB for their signaling capacity. Selective activation of each receptor was achieved by
coupling specific antibodies to heat-killed Staphylococcus aureus particles, Pansorbins, through their Fc moiety. Despite the
fact that these particles are not phagocytosed, we show that addition of Pansorbins with anti-CD18 antibodies recognizing
CR3 induced prominent signals leading to a respiratory burst. Stimulation with anti-FcQRIIIB Pansorbins induced about
half of the response induced by anti-CR3 Pansorbins, whereas anti-FcQRIIA Pansorbins induced an even weaker signal.
However, FcQRIIA induced strong phosphorylation of p72syk whereas FcQRIIIB induced only a very weak p72syk
phosphorylation. During CR3 stimulation no tyrosine phosphorylation of p72syk was seen. Both phospholipase D and
NADPH oxidase activities were dependent on intracellular calcium. This is in contrast to tyrosine phosphorylation of p72syk
that occurred even in calcium-depleted cells, indicating that oxygen metabolism does not affect p72syk phosphorylation.
Inhibitors of tyrosine phosphorylation blocked the respiratory burst induced by both FcQRIIA and FcQRIIIB as well as CR3.
This shows that tyrosine phosphorylation of p72syk is an early signal in the cascade induced by FcQRIIA but not by
CR3. ß 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction
Neutrophils play a central role in host protection
against infection by killing pathogens by a series of
rapid and highly regulated responses. These include
chemotaxis, phagocytosis, and generation of reactive
oxygen intermediates. Phagocytosis is triggered by
two principal mechanisms: one in which complement
receptors (CR1 and CR3) recognize the C3b/C3bi
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Abbreviations: CL, chemiluminescence; CR, complement re-
ceptor; CR3, complement receptor type 3; ECL, enhanced chem-
iluminescence; GPI, glycosyl phosphatidylinositol ; Lyso-PAF, 1-
O-[3H]octadecyl-platelet activating factor; MAPT/AM, 1,2-bis-5-
methyl-aminophenoxylethane-N,N,NP-tetra-acetoxymethyl ace-
tate; PC, phosphatidylcholine; PE, phosphatidylethanol; PLD,
phospholipase D
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fragments of the complement system and another in
which the Fc receptors (FcQRIIA and FcQRIIIB) rec-
ognize the Fc part of IgG [1].
CR3 belongs to the L2-integrin family consisting
of three non-covalently linked heterodimers (CD11a/
CD18, CD11b/CD18 and CD11c/CD18) [2^4]. All
these integrins are expressed on neutrophils,
CD11b/CD18 (CR3) being the most abundant one
[5,6]. Several ligands have been found to interact
with CD11b/CD18, among them intercellular adhe-
sion molecule (ICAM-1) [7], the complement frag-
ment C3bi [8,9], ¢brinogen [10], and heparin [11].
Two types of FcQ receptors are expressed on hu-
man neutrophils, FcQRIIA (CD32) and the glycosyl
phosphatidylinositol (GPI)-linked form of FcQRIII
(FcQRIIIB, CD16). Despite the absence of a trans-
membrane and a cytoplasmic region, FcQRIIIB in
neutrophils is capable of initiating calcium release
[12], actin polymerization [13], and respiratory burst
[14]. How FcQRIIIB activates the cell is not clear but
the receptor may associate with other molecules such
as FcQRIIA on the cell membrane [15]. Since
FcQRIIIB has a high density on the surface of neu-
trophils, compared to FcQRIIA, it has been suggested
that FcQRIIIB has no direct role in signaling but
rather functions to concentrate and present the IgG
ligands to FcQRIIA [16,17]. Other reports have indi-
cated that there is a functional relationship between
FcQRIIIB and CR3 [18^21], the two receptors being
associated on the plasma membrane by lectin-like
interactions [19,22]. Thus, the role for FcQRIIIB in
transmembrane signaling is unclear. Ligation of
FcQRIIA leads to tyrosine phosphorylation of multi-
ple cellular proteins, including phospholipase CQ1,
the adapter protein shc, p58cÿfgr, and p72syk [23^
25]. Phosphorylation of p72syk has been shown to
be important for Fc-mediated phagocytosis in mac-
rophages [26,27] and monocytes [28].
Speci¢c activation of CR3 induces phospholipase
D (PLD) activity [29,30], actin polymerization [31],
and intracellular production of oxygen radicals
(Serrander et al., personal communication). Tyrosine
phosphorylation of paxillin [32] and mitogen-acti-
vated protein (MAP) kinase [33], and activation of
p58cÿfgr, p53/56lyn and p72syk occurs in stimulated
neutrophils during adhesion [34^36]. Despite induc-
tion of tyrosine phosphorylation of several proteins
via CR3 during adhesion, complement-mediated
phagocytosis in macrophages is, in contrast to Fc-
mediated phagocytosis, not sensitive to inhibitors of
tyrosine kinase activity [37].
The aim of the present investigation was to further
characterize and compare the phagocytic signaling
pathways induced by CR3 and FcQ receptors. The
approach taken was to activate each receptor on
non-adherent human neutrophils selectively with im-
mobilized speci¢c antibodies.
2. Materials and methods
2.1. Chemicals
Luminol (5-amino-2,3-dihydro-1,4-phthalaz-
indione), PMSF, and PMA were obtained from
Sigma (St Louis, MO, USA). Leupeptin, pepstatin,
and aprotinin were obtained from Boehringer Mann-
heim (Germany). Na3VO4 was obtained from Jans-
sen Chemica (Belgium). Pansorbins were obtained
from Calbiochem (San Diego, CA, USA). 1-O-
[3H]Octadecyl-platelet activating factor (lyso-PAF),
Hyper¢lm MP, nitrocellulose membranes and en-
hanced chemiluminescence (ECL) were purchased
from Amersham International (Amersham, Bucks.,
UK). Silica gel 60 TLC plates were obtained from
Merck (Darmstadt, Germany). Dextran and Ficoll-
Hypaque were purchased from Pharmacia Fine
Chemicals (Uppsala, Sweden). Polymorphprep was
obtained from Nycomed Pharma AS (Oslo, Nor-
way). 1,2-Bis-5-methyl-aminophenoxylethane-N,N,
NP-tetra-acetoxymethyl acetate (MAPT/AM) was ob-
tained from Calbiochem-Behring (La Jolla, CA,
USA). Herbimycin A was obtained from Calbiochem
(La Jolla, CA, USA). Genistein was obtained from
RBI (Natick, MA, USA). 10% SDS-PAGE was from
Novex (San Diego, CA, USA). Protein A-agarose
beads were obtained from Santa Cruz Biotechnology
(Santa Cruz, CA, USA).
2.2. Antibodies
Anti-CD18 antibodies (IB4, subclass IgG2a) origi-
nated from Dr. S. Wright, Rockefeller University,
New York, USA, or were purchased from Ancell
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Corporation (Bayport, MN, USA). Anti-FcRQII
antibodies (IV.3, subclass IgG2b), anti-FcRQIII anti-
bodies (VD2, subclass IgG2a) were kind gifts from
Dr. A.J. Verhoeven, Amsterdam, The Netherlands.
Anti-phosphotyrosine antibodies (4G10, subclass
IgG2bU) were purchased from UBI (Lake Placid,
NY, USA). Rabbit polyclonal (N-19) and monoclo-
nal (4D10, subclass IgG2a) anti-p72syk antibodies
were obtained from Santa Cruz Biotechnology (San-
ta Cruz, CA, USA).
Horseradish peroxidase-conjugated rabbit anti-
mouse antibodies were obtained from Dakopatts
(Glostrup, Denmark).
2.3. Preparation of human neutrophils
Human neutrophils were prepared from hepari-
nized blood according to the method described by
Bo«yum [38]. In short, after elimination of eryth-
rocytes by dextran sedimentation followed by a
brief hypotonic lysis, the cells were centrifuged
on a Ficoll paque gradient in order to separate poly-
morphonuclear leukocytes from lymphocytes, mono-
cytes and platelets. The cells were washed twice
and resuspended in Krebs Ringer phosphate bu¡er
supplemented with 10 mM glucose, 1.2 mM Mg2
and 1 mM Ca2 (KRG) and kept on ice until
used.
Alternatively, blood was laid on top of Poly-
morphprep and centrifuged for 45 min at room tem-
perature. The band containing polymorphonuclear
leukocytes was collected, contaminating erythrocytes
were eliminated by hypotonic lysis and the neutro-
phils were resuspended in KRG as described.
2.4. Calcium depletion of neutrophils
Neutrophils were washed and resuspended in cal-
cium-free KRG. Depletion of the intracellular free
calcium was carried out by incubating the cells
(1U107 cells/ml) in calcium-free KRG supplemented
with EGTA (1 mM) and MAPT/AM (25 WM) for 1 h
at 37‡C. The cells were washed and resuspended in
calcium-free KRG before further handling.
2.5. Preparation of antibody-coated Pansorbins
One volume of the Pansorbins (10% w/v, specially
hardened and heat-killed Staphylococcus aureus ;
Cowan I strain) was centrifuged. The pellet was re-
suspended in the same volume containing anti-CD18
or anti-FcRQII or anti-FcRQIII antibodies at a con-
centration of 0.3 mg/ml and incubated for 1 h at
room temperature under continuous agitation. To
economize on the use of antibody, the antibody con-
centration had been diluted from 2 mg/ml as used
previously [29,30] to 0.3 mg/ml. At concentrations
below 0.1 mg/ml the cell response was reduced but
from 0.2 mg/ml to 2 mg/ml there were no signi¢cant
di¡erences in the cell response (data not shown). The
particles were then washed twice and resuspended in
Na-borate bu¡er (0.2 M, pH 9.0). Coupling of the Fc
part of the antibodies to the Pansorbins was achieved
by adding dimethylpimelimidate (20 mM) for 30 min
during continuous shaking. The coupling step was
terminated by washing once and incubating the par-
ticles for 2 h in ethanolamine (0.2 M, pH 8.0) at
room temperature. The antibody-coated particles
were ¢nally washed and resuspended to 1010 par-
ticles/ml in PBS containing merthiolate (0.01%)
[39]. Pansorbins were presented to the neutrophils
at a ratio of 100:1.
2.6. Determination of binding capacity
Neutrophils (1U107 cells/ml) were either sus-
pended in KRG or KRG without Ca2 supple-
mented with 25 WM MAPT/AM and 1 mM EGTA.
The cells were incubated for 1 h before adding the
FITC-labeled Pansorbins at a ratio of 100:1 (Pansor-
bins:neutrophil) for 20 min at 37‡C. The reaction
was stopped by putting the cells on ice. Cells that
had bound Pansorbins were counted and the cells
were divided into two subgroups: one group where
every cell that had interacted with Pansorbin par-
ticles was counted (total binding) and another group
of cells where only the cells that had bound a large
amount of Pansorbins (s 20 Pansorbins/cell) were
counted. Addition of crystal violet (0.5 mg/ml in
0.15 M NaCl) quenched the £uorescence of the ex-
tracellular, but not intracellular particles. By this £u-
orescence quenching technique it was possible to de-
termine that the particles were only extracellularly
bound [40,41]. In each experiment 50 cells were
counted and the number of cells that had bound
Pansorbins was determined.
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2.7. Determination of phospholipase D activity
Cellular pools of phosphatidylcholine (PC) were
labeled with lyso-PAF essentially as described [42].
Cells were suspended to 3U107 cells/ml in KRG
without Ca2, supplemented with fatty acid-free
BSA (1 mg/ml) and incubated in the presence of
[3H]lyso-PAF (5 WCi/ml) for 75 min at 37‡C. The
labeled cells were washed twice and resuspended in
KRG before being stimulated by addition of anti-
body-coated Pansorbins for 20 min at 37‡C at a ratio
of 100:1 (Pansorbins:neutrophil). Immediately be-
fore stimulation, ethanol was added (0.5%) to each
sample. The reaction mixture (0.4 ml) was terminated
by adding 1.6 ml chloroform/methanol/acetic acid
(100/200/4). The lipids were extracted according to
Bligh and Dyer [43], dried under N2, and spotted
onto silica gel 60 TLC plates which had been previ-
ously run in chloroform/methanol/water (65/35/8).
The separations were performed in ethyl acetate/iso-
octane/acetic acid/water (130/20/30/100). The TLC
plates were then dried and autoradiographed. Spots
were identi¢ed by corunning standards, scraped o¡
and quanti¢ed by liquid scintillation counting.
2.8. Neutrophil respiratory burst activity
The NADPH-oxidase activity was measured using
a luminol-enhanced chemiluminescence (CL) system.
The CL activity was measured in a six-channel Bio-
lumat LB9505 (Berthold, Wildbad, Germany) using
disposable 4 ml polypropylene tubes. 1U106 cells/ml
(0.9 ml) in KRG together with luminol (2U1035 M)
were allowed to equilibrate for 5 min at 37‡C. The
stimulus (0.1 ml) was added, and the light emission
was recorded continuously. For detection of the ex-
tracellular chemiluminescence horseradish peroxidase
(4 U/ml) was added to the reaction mixture.
2.9. Cell lysis and Western blot
Neutrophil suspension (200 Wl, 1U107 cells/ml)
was allowed to equilibrate for 5 min at 37‡C before
being stimulated with Pansorbins for 30 s. The reac-
tion was stopped by the addition of 1 ml ice-cold
PBS supplemented with 1 mM Na3VO4. The cells
were immediately spun down and 300 Wl of lysis bu¡-
er was added with the following composition: 150
mM NaCl, 1% Triton X-100, 0.1% SDS, 50 mM
Tris pH 7.6, 10 mM NaF, 10 mM EGTA, 1 mM
Na3VO4, 0.001% aprotinin, 20 WM leupeptin, 1 WM
pepstatin, 1 mM PMSF, bensonas (1:10 000 dilu-
tion). Cells were lysed for 30 min at 4‡C with con-
tinuous shaking. The Triton-insoluble fraction was
spun down by centrifugation for 10 min at 14 000
rpm (Eppendorf centrifuge) at 4‡C. SDS-sample
bu¡er (100 Wl) was added to the non-soluble fraction
and the Triton-soluble fraction was diluted with an
equal volume of 2USDS-sample bu¡er. The samples
were boiled for 5 min and electrophoresed by 10%
SDS-PAGE, then transferred to nitrocellulose mem-
brane. The membrane were incubated with 5% BSA
in PBS for 1 h at room temperature and then with
anti-phosphotyrosine antibody, 4G10 (1:2500) in
PBS, supplemented with 3% BSA, 0.075% Tween
20, for 3 h. After washing, the membranes were ¢-
nally incubated for 1 h with horseradish peroxidase-
conjugated rabbit anti-mouse antibody (1:1500), di-
luted in PBS supplemented with 3% BSA, 0.075%
Tween-20 and developed using enhanced chemilumi-
nescence (ECL).
2.10. Immunoprecipitation procedure
1 ml of 1U107 cells/ml were treated as previously
described. Reaction was terminated in the same man-
ner and then 1 ml of lysis bu¡er was added to each
sample. After centrifugation the Triton-soluble frac-
tion was precleared by protein A-agarose beads at
4‡C for 45 min. 1 Wg of polyclonal syk antibody
was added to each sample and incubated for 45
min at 4‡C before adding 20 Wl protein A-agarose
beads and further incubated for 1 h. The beads
were then washed four times with lysis bu¡er supple-
mented with 1 mM Na3VO4 and then boiled for
3 min in SDS-sample bu¡er and separated by 10%
SDS-PAGE as described above.
For detection of p72syk, membranes were blocked
in TBS supplemented with 5% milk and 0.05%
Tween 20, 20 min at room temperature before add-
ing monoclonal anti-syk antibody (1:200) for 45 min.
After washing, the membranes were incubated with
horseradish peroxidase-conjugated rabbit anti-mouse
antibody (1:1000) for 30 min, and then developed
using ECL. For tyrosine phosphorylation detection
the membranes were treated as described above.
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Fig. 1. Binding capacity of Pansorbin particles with and without Ca2. Human neutrophils were incubated either in KRG (open bars)
or with MAPT/AM (25 WM) for 60 min in calcium-free KRG supplemented with EGTA (1 mM) (hatched bars). The cells were then
incubated in 37‡C with anti-CR3, anti-FcQRIIA, and anti-FcQRIIIB Pansorbins at a ratio of 100:1 (Pansorbins:neutrophil). The cells
were also incubated with Pansorbins coated with mouse IgG as a negative control. (A) Cells having interacted with one or more Pan-
sorbin particles were counted and expressed as percentage of the total 50 cells counted in each individual experiment. The bars show
mean þ S.D. for n = 3. (B) Cells having interacted with more than 20 Pansorbins/cell were counted and expressed as percentage of the
total 50 cells counted in each individual experiment. The bars show mean þ S.D. for n = 3.
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Fig. 2. E¡ects of stimulation with Pansorbins coated with anti-CR3, anti-FcQRIIA, and anti-FcQRIIIB antibodies on PLD activity.
Cellular pools of PC were labeled with [3H]lyso-PAF for 75 min at 37‡C. After washing, the cells (1U107 cells/ml) were resuspended
in KRG and just before being stimulated for 20 min with anti-CR3, anti-FcQRIIA, and anti-FcQRIIIB Pansorbins, 0.5% ethanol was
added. Negative controls were performed with non-labeled Pansorbins. The open bars show the mean value of the accumulated for-
mation of [3H]PEt after 20 min expressed as x of total labeled phospholipids þ S.E.M. for n = 8^10. The hatched bars show the e¡ect
of MAPT/AM on CR3-, FcQRIIA-, and FcQRIIIB-induced PLD activity. Human neutrophils were incubated with MAPT/AM (25
WM) for 60 min in calcium-free KRG supplemented with EGTA (1 mM), during the labeling procedure. After washing the cells were
resuspended in calcium-free KRG and 0.5% ethanol was added and then stimulated for 20 min with anti-CR3, anti-FcQRIIA, and
anti-FcQRIIIB Pansorbins. Negative controls were performed with non-labeled Pansorbins. The hatched bars show the mean value of
the accumulated formation of [3H]PEt after 20 min expressed as x of total labeled phospholipids þ S.E.M. for n = 3^5. The ¢lled
bars show the e¡ect of herbimycin A (HA) on CR3-, FcQRIIA-, and FcQRIIIB-induced PLD activity. Human neutrophils were incu-
bated with HA (10 WM for 10 min) after the labeling procedure and stimulated for 20 min with anti-CR3, anti-FcQRIIA, and anti-
FcQRIIIB Pansorbins. Negative controls were performed with non-labeled Pansorbins. The ¢lled bars show mean values of the accu-
mulated formation of [3H]PEt after 20 min expressed as x of total labeled phospholipids þ S.E.M. for n = 5.
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3. Results
3.1. Binding capacity of Pansorbins
By coating protein A-positive S. aureus bacteria
(Pansorbins) with monoclonal antibodies against
CR3, FcQRIIA and FcQRIIIB respectively, we con-
structed particulate stimuli that bound to but were
not ingested by the neutrophil. We chose this form of
focal cross-linking to mimic how particulate stimuli
initially trigger the phagocytic process. Anti-CR3
Pansorbins have previously been shown not to be
phagocytosed [30]. To determine that the anti-
FcQR-coated Pansorbins behaved in a similar way
we used a £uorescence quenching technique in which
the extracellular bound particles are quenched by
addition of crystal violet [40,41]. Neither anti-CR3-
nor the anti-FcQR-coated Pansorbins are phagocy-
tosed (data not shown). To determine the binding
capacity of the Pansorbins, cells that had bound par-
ticles were counted both in the presence and in the
absence of Ca2. Under calcium-depleted conditions
the binding capacity of Pansorbins is reduced but not
abolished (Fig. 1A,B, hatched bars). 91% of the cells
have the capacity to bind s 20 anti-CR3 Pansorbins/
cell whereas only 48% and 64% of the cells were able
to interact with anti-FcQRIIA and anti-FcQRIIIB
Pansorbins respectively (Fig. 1B, open bars). Calcu-
lating the number of cells binding one or more par-
ticles shows that almost every cell is positive (Fig.
1A). The Pansorbins coated with mouse IgG also
bound to a low level to the cells. This binding may
re£ect a non-speci¢c binding.
3.2. Phospholipase D activation
Cells labeled in cellular PC with [3H]lyso-PAF gen-
erated 8.2, 3.1, and 4.4x phosphatidylethanol (PE)
of total labeled phospholipids (Fig. 2) after stimula-
tion with anti-CR3, anti-FcQRIIA, or anti-FcQRIIIB
antibody-coated Pansorbins. All these receptors in-
duced PLD activity, measured as formation of PE,
indicating that PLD is an early signal generated be-
fore ingestion of the opsonized prey.
Complement receptor-mediated phagocytosis in
human neutrophils is, in contrast to Fc-mediated
phagocytosis, a calcium-independent process [44],
and PLD is the major enzyme involved in CR-medi-
ated formation of diglyceride. Contradictory results
exist, however, on whether or not PLD activation is
dependent on intracellular calcium [45,46]. To fur-
ther examine the role of calcium we reduced intra-
cellular calcium with MAPT/AM and measured the
formation of PE. The PLD response was greatly re-
duced compared to non-treated control cells for all
three stimulations (Fig. 2). This indicates that intra-
cellular calcium is necessary to yield signi¢cant
amounts of PE through stimulation of both IgG re-
ceptors and CR3.
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Fig. 3. (A) E¡ects of stimulation with Pansorbins coated with
anti-CR3, anti-FcQRIIA, and anti-FcQRIIIB antibodies on
NADPH oxidase activity. Human neutrophils (1U106 cells/ml)
were incubated in KRG together with luminol (1035 M) for
5 min at 37‡C. The NADPH oxidase activity measured using a
luminol-enhanced chemiluminescence (CL) system after addition
of anti-CR3, anti-FcQRIIA, and anti-FcQRIIIB antibody-coated
Pansorbins respectively (open bars). Negative control experi-
ments were performed by adding Pansorbins coated with mouse
IgG. The open bars show the top values of the recorded CL
and are given as mean þ S.E.M. for n = 9^16. The dotted bars
show the e¡ect of 1-butanol on CR3-, FcQRIIA-, and
FcQRIIIB-induced NADPH oxidase activity. This was deter-
mined by addition of 0.5% 1-butanol for 5 min at 37‡C before
stimulation with anti-CR3, anti-FcQRIIA, and anti-FcQRIIIB
Pansorbins. The dotted bars show the top values of the re-
corded CL and are given as mean þ S.E.M. for n = 3^4. (B) Ef-
fects of MAPT/AM and genistein on CR3-, FcQRIIA-, and
FcQRIIIB-induced NADPH oxidase activity. Human neutrophils
(1U107 cells/ml) were incubated in calcium-free KRG supple-
mented with EGTA (1 mM) and MAPT/AM (25 WM) for 1 h
at 37‡C. The cells were washed and resuspended in calcium-free
KRG (1U106 cells/ml) supplemented with luminol (1035 M) be-
fore being stimulated. The hatched bars show the top values of
the recorded CL and are given as mean þ S.E.M. for n = 3^6.
Control cells incubated for 1 h without MAPT/AM and sus-
pended in KRG do not di¡er in the response from cells incu-
bated for 5 min at 37‡C in KRG (A) and are therefore not
shown. The ¢lled bars show the e¡ect of genistein on CR3-,
FcQRIIA-, and FcQRIIIB-induced NADPH oxidase activity. Hu-
man neutrophils (1U106 cells/ml) were incubated in KRG sup-
plemented with luminol (1035 M) and genistein (10 WM for 15
min) at 37‡C before being stimulated. The ¢lled bars show the
top values of the recorded CL and are given as mean þ S.E.M.
for n = 3^4. Control cells incubated for 15 min without genistein
do not di¡er in the response from cells incubated for 5 min at
37‡C in KRG (A) and are therefore not shown.
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3.3. Oxidative activation
To test if the extracellular activation of the recep-
tors without phagocytosis could initiate an oxidative
response, we stimulated the neutrophils with anti-
CR3, anti-FcQRIIA, and anti-FcQRIIIB antibody-
coated particles and recorded the NADPH oxidase
activity using a luminol-enhanced CL system. CR3
induced a strong response (16.3U107 cpm) and
FcQRIIIB triggered a response of 9.6U107 cpm,
whereas the response induced by FcQRIIA
(5.5U107 cpm) was just above the chemilumines-
cence level induced by the negative control, Pansor-
bins coated with mouse IgG (Fig. 3A). Stimulation
of the oxidative response with PMA (1037 M), a
strong non-receptor stimulus, yielded a chemilumi-
nescence value of 46.5U107 þ 3.6U107 cpm (mean þ
S.E.M., n = 4).
To further evaluate the signaling pathway we
investigated the role of calcium for oxidative activa-
tion induced by antibody-coated Pansorbins. The
oxidative response induced by anti-CR3, anti-
FcQRIIA, and anti-FcQRIIIB Pansorbins is inhibited
in calcium-depleted cells (Fig. 3B) whereas the re-
sponse induced by PMA is only slightly a¡ected
(77% compared to the response of non-bu¡ered
cells, 35.6U107 þ 8.7U107 cpm, mean þ S.E.M., n =
3).
To investigate the role of PLD for the oxidative
response we incubated the cells with 0.5% 1-butanol
before stimulation with anti-CR3, anti-FcQRIIA, and
anti-FcQRIIIB Pansorbins. This treatment reduced
the chemiluminescence signal to 11% when the cells
were stimulated with anti-CR3 Pansorbins and to
35% and 18% when stimulated with anti-FcQRIIA
and anti-FcQRIIIB respectively (Fig. 3A). 81% of
the response is still left after stimulation of the oxi-
dative response with PMA (1037 M), in the presence
of 0.5% 1-butanol (37.9U107 þ 3.5U107 cpm, mean
þ S.E.M., n = 3).
3.4. The role of tyrosine phosphorylation
The importance of tyrosine phosphorylation in
FcR-mediated phagocytosis has been established,
whereas phagocytosis via complement receptors can
occur even in the absence of tyrosine phosphoryla-
tion [37,47]. Inhibition of tyrosine phosphorylation,
by treatment with herbimycin A, reduced the PLD
activity to 52% when the cells were stimulated with
anti-CR3 Pansorbins and to 61% and 73% when
stimulated with anti-FcQRIIA and anti-FcQRIIIB re-
spectively (Fig. 2). This indicates that tyrosine phos-
phorylation is not an absolute requirement for CR3-
mediated PLD activity. However, the reduction of
the response induced by anti-FcQRIIA particles al-
most reduced the PLD response to basal levels in
the presence of herbimycin A (Fig. 2) thus showing
the importance of tyrosine phosphorylation for
FcQRIIA signaling capacity.
Incubation of the cells with the tyrosine kinase
inhibitor genistein (10 WM) completely inhibits the
Fig. 4. E¡ect of stimulation with Pansorbins coated with anti-
CR3, anti-FcQRIIA, and anti-FcQRIIIB antibodies on tyrosine
phosphorylation in the Triton-soluble and Triton-insoluble frac-
tions. Human neutrophils (1U107 cells/ml) were incubated for
5 min at 37‡C before being stimulated with anti-CR3, anti-
FcQRIIA, and anti-FcQRIIIB Pansorbins for 30 s. Negative con-
trols were performed by addition of Pansorbins coated with
mouse IgG and cells only with no further additions. The reac-
tion was stopped as described in Section 2. Samples were run
on a 10% SDS-PAGE and transferred to nitrocellulose mem-
branes. The membranes were incubated with 4G10 antiphos-
photyrosine antibody. CR3 stimulation induced very weak
phosphorylated bands in the Triton-soluble fraction whereas in
the insoluble fraction three strong bands are present, round 50
kDa, 80 kDa, and 110^120 kDa. After FcQRIIA stimulation a
strong phosphorylated band round 72 kDa in the Triton-soluble
fraction is seen whereas no tyrosine phosphorylated proteins
are present in the insoluble fraction. FcQRIIIB induced weak ty-
rosine phosphorylation of a band round 72 kDa in the Triton-
soluble fraction and also phosphorylation of a band round 80
kDa in the Triton-insoluble fraction. One representative experi-
ment of ¢ve is reported.
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phagocytic receptor-mediated oxidative response
whereas 80% of the response induced by PMA
(1037 M) is still left (37.4U107 þ 5.5U107 cpm,
mean þ S.E.M., n = 4) after genistein treatment.
Only 7% of the response is left compared to non-
treated cells for both FcQRIIA and FcQRIIIB as
well as for CR3 (Fig. 3B). Herbimycin A could not
be used in chemiluminescence experiments, since its
yellow color interferes with the chemiluminescence
measurements.
Since inhibition of tyrosine phosphorylation af-
fected the oxidative response, we investigated the
speci¢c tyrosine phosphorylation after stimulation.
Upon stimulation with anti-FcQRIIA Pansorbins a
protein of approximately 70 kDa became phosphoryl-
ated (Fig. 4). This protein, which is present primar-
ily in the Triton-soluble fraction, and its phospho-
rylation were inhibited by treatment with herbimycin
A (Fig. 6) but not by MAPT/AM treatment (Fig. 5),
indicating that intracellular generation of oxygen me-
tabolites does not a¡ect or mediate tyrosine phos-
phorylation of this protein. Phosphorylation of the
70 kDa protein is also induced by stimulating
FcQRIIIB but to a much lower extent, whereas no
such phosphorylation is seen after CR3 stimulation
(Figs. 4 and 6). Interestingly, in the Triton-insoluble
fraction on the other hand, stimulation of CR3 in-
duced phosphorylation of several proteins (around
50 kDa, 80 kDa, and 110^120 kDa) whereas no
such phosphorylation was seen after FcQRIIA stim-
ulation.
A putative candidate for the 70 kDa phosphoryl-
ated protein is p72syk. The cell preparation was
therefore immunoprecipitated with anti- p72syk and
blotted against anti-phosphotyrosine and anti-p72syk.
Syk was clearly found in all cell preparations but was
only phosphorylated after FcQRIIA stimulation (Fig.
7A,B). Immunoprecipitation of p72syk was also per-
formed in calcium-depleted cells (Fig. 7A,B). Anti-
phosphotyrosine detection revealed that phosphoryl-
ation of p72syk is induced in MAPT/AM-treated
cells. Phosphorylation of p72syk is even stronger in
the absence of calcium. This shows that tyrosine
phosphorylation of p72syk is an early signal induced
by FcQRIIA not dependent on the Ca2 signal.
Fig. 6. E¡ect of herbimycin A on CR3-, FcQRIIA-, and
FcQRIIIB-induced tyrosine phosphorylation in the Triton-solu-
ble fraction. Human neutrophils were incubated with herbimy-
cin A (10 WM for 10 min), indicated as HA in the ¢gure, and
then stimulated for 30 s with anti-CR3, anti-FcQRIIA, and anti-
FcQRIIIB Pansorbins. The samples were then treated in the
same way as in Fig. 3. Control lanes with herbimycin A non-
treated cells are also shown for comparison. The 72 kDa tyro-
sine phosphorylated band induced after FcQRIIA stimulation is
totally inhibited after herbimycin A treatment. Negative con-
trols were performed with addition of Pansorbins coated with
mouse IgG and cells only. These results are negative with re-
spect to tyrosine phosphorylation of p72 both in the presence
and in the absence of HA (data not shown). One representative
experiment of two performed is reported.
Fig. 5. MAPT/AM has no inhibitory e¡ect on CR3-, FcQRIIA-,
and FcQRIIIB-induced tyrosine phosphorylation in the Triton-
soluble fraction. Human neutrophils were incubated with
MAPT/AM (25 WM) for 60 min in calcium-free KRG supple-
mented with EGTA (1 mM). After washing the cells were resus-
pended in calcium-free KRG and stimulated with anti-CR3,
anti-FcQRIIA, and anti-FcQRIIIB Pansorbins for 30 s. The sam-
ples were then treated in the same way as in Fig. 3. CR3 stimu-
lation induced very weak phosphorylated bands whereas
FcQRIIA induced strong phosphorylation of a band round 72
kDa and after FcQRIIIB stimulation phosphorylation of the 72
kDa band is detected but to a much lower extent than for the
FcQRIIA-stimulated lane. One representative experiment of two
performed is reported.
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4. Discussion
Our data indicate that both FcQRIIA and
FcQRIIIB as well as CR3 activate both the NADPH
oxidase and PLD. We have stimulated the receptors
by antibodies coupled to Pansorbins in order to dis-
tinguish the signaling events from each receptor and
reduce the risk of interaction between the Fc moiety
of the antibodies and the FcR that may occur during
cross-linking. These particles are not phagocytosed
but can still activate both respiratory burst and
PLD activity indicating that these signaling events
precede uptake and destruction of a phagocytosed
prey. FcQRIIA induced the weakest signaling of res-
piratory burst among the three receptors, which is in
agreement with Hundt and Schmidt [14] who showed
similar results when cross-linking FcQRIIA and
FcQRIIIB on human neutrophils. The fact that
FcQRIIIB induces a more prominent response of
both respiratory burst and PLD activity than
FcQRIIA may re£ect the di¡erent number of recep-
tors present on the cell, a¡ecting both binding and
activation. There are 5^10 times more FcQRIIIB ex-
pressed per neutrophil than there are FcQRIIA [16].
Only 48% of the cells had interacted with more than
20 anti-FcQRIIA Pansorbins/cell whereas 91% and
64% of the cells had interacted with anti-CR3 and
anti-FcQRIIIB Pansorbins respectively.
The role of calcium in activating NADPH oxidase
and PLD is complex. In this study we show that both
the NADPH activity and the PLD activity induced
by anti-CR3, anti-FcQRIIA, and anti-FcQRIIIB anti-
body-coated Pansorbins are dependent on calcium.
However, Della Bianca et al. [46,48] have shown
Fig. 7. FcQRIIA induces tyrosine phosphorylation of p72syk. Human neutrophils (1U107 cells/ml) were incubated in KRG (+Ca2) or
were incubated with MAPT/AM (25 WM) for 60 min in calcium-free KRG supplemented with 1 mM EGTA (3Ca2). After washing
the cells were stimulated with anti-CR3, anti-FcQRIIA, and anti-FcQRIIIB Pansorbins for 30 s. Immunoprecipitation of p72syk was
performed as described in Section 2. The samples were run on a 10% SDS-PAGE and then transferred to nitrocellulose membrane.
(A) Anti-phosphotyrosine detection shows tyrosine phosphorylated p72syk only after FcQRIIA stimulation both for cells in KRG
(+Ca2) and for calcium-depleted cells (3Ca2). One representative experiment of three performed is reported. (B) Anti-p72syk detec-
tion of the membrane shows equal amounts of p72syk both for cells in KRG (+Ca2) and for calcium-depleted cells (3Ca2). One
representative experiment of three performed is reported.
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that the calcium requirement depends on how the
ligand is presented. Erythrocyte IgG-induced respira-
tory burst is far more sensitive than yeast IgG for an
intracellular calcium signal. This could at least in
part be explained by the fact that erythrocyte IgG
were less e¡ective in activating respiratory burst than
yeast IgG and also associated with less phagocytosis
[48]. Furthermore, the natural phagocytic ligands,
IgG and complement fragments, trigger more than
one receptor possibly activating redundant pathways.
In line with these data, our results show that distinct
activation of each receptor type further increases the
calcium sensitivity of the respiratory burst. In addi-
tion, our data show that the PLD activity is inhibited
under calcium-depleted conditions when stimulating
with anti-CR3, anti-FcQRIIA, and anti-FcQRIIIB
Pansorbins whereas calcium depletion during stimu-
lation with C3b/C3bi-yeast only partly reduces the
PLD activity [45]. This clearly shows that the ligand
presentation is of great importance for the recorded
response.
The oxidative response is greatly diminished by
inhibiting tyrosine phosphorylation, indicating that
tyrosine phosphorylation is an early and important
signal for this activity. There are several reports
showing that tyrosine kinases can also be activated
by reactive oxygen intermediates [35,49,50]. How-
ever, there are some con£icting data whether or not
p72syk is activated by oxygen radicals; Brummell et
al. [49] showed that p72syk is one of the tyrosine
kinases that is activated by production of reactive
oxygen intermediates whereas Yan and Berton [35]
showed that adhesion-dependent activation of p72syk
tyrosine kinase is independent of such activity. Inter-
estingly, we have found that only FcQRIIA activates
p72syk. Tyrosine phosphorylation of p72syk is not af-
fected by depletion of calcium whereas the oxidative
activation clearly is. This indicates that tyrosine
phosphorylation of p72syk is an early signal in the
cascade preceding a calcium transient and oxidative
activation. The tyrosine phosphorylation of p72syk is
even stronger in calcium-depleted cells indicating
that the Ca2 signal may function as a negative reg-
ulator of the tyrosine phosphorylation, possibly by
activating di¡erent phosphatases. Despite the fact
that FcQRIIA induces a weaker activation of both
PLD and NADPH oxidase activity than CR3 and
FcQRIIIB, the tyrosine phosphorylation of p72syk is
clearly speci¢c for FcQRIIA. This indicates that ty-
rosine phosphorylation of p72syk reported to be im-
portant for Fc-mediated phagocytosis [26^28] is pri-
marily induced by FcQRIIA. There was no tyrosine
phosphorylation of p72syk after CR3 stimulation.
This is in contrast to what has been shown for neu-
trophils adhering to the CR3 ligand ¢brinogen that
induced activation of p72syk [36,51]. However, this
signal may not be the ¢rst signal that occurs but
more likely a secondary signal that occurs in an ac-
tivated or primed cell since the adherent cells also
had to be treated with tumor necrosis factor-K [36].
Kiefer et al. [27] have also shown that the ability of
syk-de¢cient macrophages to attach to plastic dishes
was greatly reduced. However, integrin signaling may
still be possible since these cells showed normal
phagocytosis in response to complement [27]. In ac-
cordance with Allen and Aderem [37] who showed
that Fc-mediated phagocytosis is a¡ected by tyrosine
kinase inhibitors to a greater extent than CR-medi-
ated phagocytosis, we show that PLD activity in-
duced by FcQRIIA is dependent on tyrosine kinase
activity. The fact that 1-butanol reduces the CR3-
induced oxidase activation to a larger extent than
the response induced by FcQRIIA suggests that PLD
is more involved in CR3 than FcQRIIA signaling.
Several tyrosine phosphorylated proteins could be
detected in the Triton-insoluble fraction after CR3
stimulation, whereas such tyrosine phosphorylation
is lacking after FcQRIIA stimulation. FcQRIIIB acti-
vation induced tyrosine phosphorylation of proteins
both in the Triton-soluble fraction that mimics the
pattern induced by FcQRIIA but to a much lower
extent, and in the non-soluble fraction that mimics
CR3-induced phosphorylation. This fact indicates
that FcQRIIIB has a signaling capacity of its own
but that it may also mediate signals via both CR3
and FcQRIIA.
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